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Theoretical studyAbstract A new asymmetrical tripodal amine, [H3L
2]Br3 containing morpholine moiety was
prepared from reacting of one equivalent of N-(3-aminopropyl)morpholine and two equivalents
of tosylaziridine, followed by detosylation with HBr/CH3COOH. The products were characterized
by various spectroscopic methods such as FAB-MS, elemental analysis, 1H and 13C NMR
spectroscopy. The crystal structure of the hydrobromide salt of the latter amine, [H3L
2]Br3, was also
determined. For triprotonated form of the ligand L2 we can consider several microspecies
and/or conformers. A theoretical study at B3LYP/6-31G** level of theory showed that the
characterized microspecies is the most stable microspecies for the triprotonated form of the
ligand. It was shown that the experimental NMR data for [H3L
2]Br3 in solution have good
correlation with the corresponding calculated data for the most stable microspecies of [H3L
2]3+
in the gas phase.
ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Tetradentate tripodal ligands have the general structure de-
picted in Fig. 1 and consist of a central donor atom X attached
to three arms, each of which also contains at least one methy-
lene group and a donor atom Y. A large number of such
ligands containing identical sets or combinations of the donor
atoms N, S, O and P are known (Blackman, 2005).
These tetradentate tripodal tetraamine ligands thus contain
a single tertiary N atom, which ‘caps’ the tripod, and one
N-donor atom on each arm. Various methods are available
XYY
Y
Figure 1 General structure of a tetradentate tripodal ligand.
Synthesis, characterization and theoretical study of a new asymmetrical tripodal amine containing S1611for the synthesis of tripodal tetraamine ligands, with the route
of choice generally dictated by the nature of the donor atoms
on the three arms. All routes have in common the alkylation of
the N atom of ammonium ion, or a primary or secondary
amine precursor, with this N atom becoming the tertiary N
atom of the resulting tripodal ligand. Bromo- and chloro-
alkylphthalimides are useful for the synthesis of ligands having
aliphatic donor atoms as these can alkylate both primary and
secondary N atoms at elevated temperatures, and deprotection
using acid then gives the amine directly (Blackman, 2005). In
previous works we have reported some symmetrical and
asymmetrical tripodal tetramines (Keypour and Stotter,
1979; Keypour et al., 1998a,b). The ﬁrst example of a
tetradentate aliphatic tripodal amine ligand with all arms of
different lengths was prepared by fusing 2,3-diphthalimidoeth-
ylpropylamine and N-(4-bromobutyl)phthalimide at 160 C,
with subsequent deprotection using HCl (Keypour et al.,
2000). Herein, we report the synthesis and characterization
of a novel asymmetrical tripodal amine containing morpholine
moiety from the reaction of one equivalent of N-(3-aminopro-
pyl)morpholine and two equivalents of tosylaziridine,
followed by detosylation with HBr/CH3COOH. The latter
amine was prepared in a two-step method. The products of
each step were exactly characterized. Also, in this paper, we re-
port a theoretical study on triprotonated forms of the present
polyamine. We show that the characterised microspecies in
the solid state for the triprotonated form of the present amine
is more stable than any other possible microspecies (see
Scheme 1).O
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Scheme 1 The synthesis p2. Experimental
2.1. Chemical and starting materials
N-(3-aminopropyl)morpholine was commercial product from
Fluka and was used without further puriﬁcation. Solvents were
of reagent grade puriﬁed by the usual methods. Tosylaziridine
was prepared according to the literature method (Hata et al.,
1980)
2.2. Physical measurements
FAB mass spectra were recorded using a Kratos-MS-50T spec-
trometer connected to a DS90 data system using 3-nitrobenzyl
alcohol as the matrix. Elemental analyses were carried out
using a Perkin–Elmer, CHNS/O elemental analyzer model
2400. 1H and 13C NMR spectra were obtained using a Bruker
Avance 500 MHz spectrometer.
2.3. X-ray crystal structure determination
Vapor diffusion of diethyl ether into a solution of [H3L
2]Br3 in
mixture of acetonitrile and methanol, afforded crystal suitable
for study by X-ray crystallography. The details of the X-ray
crystal data, and of the structure resolution and reﬁnement,
are given in Table 1. Measurements were made on a Bruker
SMART CCD area diffractometer. All data were corrected
for Lorentz and polarization effects. Empirical absorption cor-
rections were also applied for all the crystal structures obtained
(Sheldrick, 1996). Complex scattering factors were taken from
the program package SHELXTL (Shelextl, 1997). The struc-
ture was solved by direct methods which revealed the position
of all non-hydrogen atoms. The structure was reﬁned on F2 by
a full-matrix least-squares procedure using anisotropic dis-
placement parameters for all non-hydrogen atoms. The hydro-
gen atoms were located in their calculated positions and
reﬁned using a riding model. Molecular graphics were gener-
ated using ORTEP-3 (Farrugia and Appl, 1997).
2.4. Synthesis of L1
Tosylaziridine (9.91 g, 50 mmol) was dissolved in dry benzene
(10 ml). A mixture of N-(3-aminopropyl)morpholine (3.60 g,CH3
O
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Figure 2 Schematic structures of the L1 and [H3L
2]Br3 showing
the lettering scheme for NMR assignments.
Table 1 Crystal data and structure reﬁnement for [H3L
2]Br3.
[H3L
2]Br3
Empirical formula C11.5H29.5Br2.75N4O1.5
Formula weight 467.64
Temperature (K) 293(2)
Wavelength (A˚) 0.71073
Crystal system, space group Monoclinic, P21/n
a (A˚) 7.9160(11)
b (A˚) 18.017 (3)
a () 90
b () 95.262(3)
c () 90
F(000) 939
Crystal size (mm3) 0. 41 · 0.31 · 0.20
Absorption
coeﬃcient (mm1)
5.417
Limiting indices 10 6 h 6 9, 22 6 k 6 23,
18 6 l 6 15
Max. and min. transmission 0.6373 and 0.4672
Theta range for data
collection ()
1.81 to 27.97
Max. and min. transmission 0.4105 and 0.2148
Reﬁnement method Full-matrix least-squares on F2
Data/restraints/parameters 4871/0/215
Goodness-of-ﬁt on F2 0.999
Final R indices [I > 2r (I)] R1 = 0.0550, wR2 = 0.1482
R indices (all data) R1 = 0.1398, wR2 = 0.1914
Largest diﬀ. peak
and hole (e A3)
1.101 and 0.650
S1612 M. Rezaeivala et al.25 mmol) and dry benzene (10 ml) was added dropwise at a
rate of about 10 ml/40 min. The system was ﬁtted with a dry-
ing tube to prevent the absorption of water. It was also placed
in a cool water bath to prevent the temperature from going
above 25 C. When the addition was ﬁnished, the mixture
was stirred between 20 and 25 C for about 12 h. Then it
was heated to about 30 C for 48 h and allowed to cool. Then
the resulting precipitate was collected, washed with a small
amount of dry benzene and ethanol and dried in vacuo. Yield:
10.60 g (90%). Anal. Calc. For C25H38N4O5S2 (MW: 538.72):
C, 55.74; H, 7.11; N, 10.40. Found: C, 56.02; H, 7.20; N,
10.56%. FAB-MS (m/z): 539.22 [M+1]+.
1HNMR(CDCl3, ppm): dH 7.72 (d, 4H,H-8), 7.22 (4H, d,H-
9), 5.45 (b s, 2H,NH), 3.61 (t, 4H,H-6), 2.95 (t, 4H,H-5), 2.49 (t,
4H, H-1), 2.42 (s, 6H, H-11), 2.36 (b, 4H, H-2), 2.29 (t, 4H, H-3
and H-30), 1.52 (m, 2H, H-4). 13C NMR (CDCl3, ppm): dC
143.04 (C-8), 137.17 (C-11), 129.46 (C-9 or C-10), 126.88 (C-
10 or C-9), 66.39 (C-1), 55.24 (C-3 and C-5),53.37 (C-2), 52.88
(C-6), 40.367 (C-7), 29.47 (C-4), 21.30 (C-12) (Fig. 2).
2.5. Synthesis of [H3L
2]Br3
L1 (13.46 g, 25 mmol) was dissolved in a mixture of 48% HBr
(64 ml) and acetic acid (36 ml) in a 250 ml round-bottomed
ﬂask. The ﬂask was ﬁtted with a reﬂux condenser and heated
to reﬂux. As it was warmed up, the reaction mixture became
more and more reddish until it changed to a deep red color.
Dark oil formed after 24 h. Heating was continued for another
24 h to ensure that the reaction was completed. The reaction
mixture was cooled to room temperature and then placed in
an ice bath. The precipitate was ﬁltered and washed with hot
ethanol. A mixture of ether and absolute ethanol (1/1) was
added slowly to the cooled ﬁltrate. The mixture was stirred in
the ice bath about 1 h. The resulting precipitate was collected
and washed with ether/absolute ethanol mixture and dried in
vacuo. Yield: 8.27 g (70%). Anal. Calc. For C11H29Br3N4O
(MW: 473.09): C, 27.93; H, 6.18; N, 11.84. Found: C, 28.00;
H, 6.09; N, 12.20%. FAB-MS (m/z): 231 [M+1]+.
1H NMR(D2O, ppm): dH 3.98 (d,
3J= 13.32 Hz, 2H, H-1a
or H-1b), 3.69 (t, 3J= 12.82 Hz, 2H, H-2a or H-2b), 3.45 (d,
3J= 13.3 Hz, 2H, H-2a or H-2b), 3.30 (s, 8H, H-6, H-7), 3.16
(t, 3J= 9.3 Hz, 2H, H-3 or H-5), 3.105 (t, 3J= 8.1 Hz, 4H,
H-2 b or H-2a, H-5 or H-3). 13C NMR(D2O, ppm): dC 66.80
(C-1), 56.84 (C-3), 55.00 (C-2), 53.19 (C-5), 52.80 (C-3),
37.64 (C-6), 21.80 (C-4) (Fig. 2).
2.6. Computational methods
The structure of amine L2 and its tri- and four protonated
forms were calculated using Gaussian 03 set of programs (Fris-
ch et al., 2003) The geometries of all species were fully
optimized at B3LYP/6-31G** level. Vibrational frequency anal-
yses calculated at the same level of theory indicated that the
optimized structures are at the stationary points corresponding
to local minima without any imaginary frequency. A starting
molecular-mechanics structure for the ab initio calculations
was obtained using the HyperChem 5.02 program (Hyper
Chem, 1997). The calculation of 13C NMR chemical shielding
of (H3L
2)3+ was performed using GIAO/DFT (Ditchﬁeld,
1974; Wolinski et al., 1990) and CSGT/DFT (Keith and Bader,
1992, 1993) methods at B3LYP/6-311++G** level of theory.
Figure 3 The molecular structure of the protonated amine (L2) in its crystal structure.
+
+
+
+
+
+
+
+
+
+
+ +
+
+ +
+
+ + ++ +
I II III IV
V VI VII
Figure 4 Schematic illustration of all possible microspecies for [H3L
2]3+.
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3.1. Synthesis and structure determination
The FAB mass spectra conﬁrm the presence of the desired ﬁnal
products as they show peaks at m/z 539.22 and 231 a. m. u.
corresponding to L1 and L2, respectively.
The 1H and 13C NMR spectra of L1 and [H3L
2]Br3 indicate
that these compounds have been synthesized.
The 1H and 13C NMR data for L1 and [H3L
2]Br3 are shown
in Section 2, which uses the lettering scheme shown in Fig. 2.
The 1H and 13C signals were assigned using one- and two-
dimensional 1H–1H COSY, 1H–13C HMQC and DEPT
spectra.
The 1H and 13C NMR spectra of the ligands indicate that
these compounds have been synthesized. In the 1H NMR spec-
trum of L1, the hydrogen of aromatic region appears in 7.72
and 7.22 corresponding to H-9 and H-10, respectively. These
peaks are doublet. The hydrogens of NH appear in 5.45 ppm
as a broad peak. The hydrogens of (C-1) which are close to
the oxygen atom of the morpholine unit appear at 2.49 ppm
as a triplet peak due to coupling with H-2. The hydrogens of
methyl groups appeared in 2.42 ppm as a singlet peak. In
13C NMR of L1, the aromatic region has four signals in
143.05, 126.89, 129.46 and 137.18 ppm. The signals of carbonsof morpholine unit are appeared at 53.37 and 66.39 ppm cor-
responding to C-2 and C-1, respectively. The signals of methyl
groups appear at 21.31 ppm.
In 1H and 13C NMR spectra of [H3L
2]Br3, in contrast to L
1,
all peaks for the aromatic ring are completely removed. The
hydrogens of C-6 and C-7 appear at 3.30 ppm as a single peak.
The peaks for H-3 and H-5 appeared as triplets at 3.16 ppm,
respectively. The four protons of methylene groups of the mor-
pholine ring seem to be diastrotopic and appeared in four re-
gions as two doublets and two triplets. The geminal
couplings in each methylene group as well as coupling with
the adjacent methylene groups were conﬁrmed by the 1H–1H
COSY spectrum. Thus, the NMR data conﬁrm that the mor-
pholine moiety has chair conformation similar to solid state
and gas phase (see next section).
A single crystal of [H3L
2]Br3 was prepared, and X-ray
crystallography clearly showed that asymmetrical amine has
been synthesized. An ORTEP representation of the crystal
structure is shown in Fig. 3 together with the numbering
scheme adopted.
3.2. Theoretical studies
As it was discussed in the previous section the tripodal ligand
L2 was crystallized in the acetonitrile-methanol solution as its
Figure 5 The optimized structures for all studied microspecies of [H3L
2]3+.
S1614 M. Rezaeivala et al.trihydrobromide salt. The X-ray crystal structure analysis of
the above salt proposed that three protons are bound to two
nitrogen atoms of primary amine groups and nitrogen atom
of the morpholine moiety. However, we note that in the ligandL2 there are ﬁve basic groups. As can be seen in Fig. 4, for
triprotonated form of the ligand, without considering
intramolecular hydrogen bonding there are seven different
structures that differ in the location of protons/charges.
Table 2 Calculated electronic energies, zero point energies, total energies and relative energies (DE0) of all studied microspecies for
[H3L
2]3+.
Microspecies Eel (Hartree) ZPE (Hartree) E0 (Hartree) DE0 (kcal/mol)
I 729.9116576 0.449438 729.481068 0
II 729.8170039 0.428964 729.388040 58.37
III 729.8902901 0.428828 729.461462 12.30
IV 729.8819896 0.429321 729.452669 17.82
IV-2 729.9079899 0.430894 729.477096 2.49
V 729.8626878 0.426967 729.435720 28.46
V-2 729.8939443 0.428980 729.464964 10.11
VI 729.8739236 0.427705 729.446218 21.87
VI-2 729.869844 0.428374 729.441470 24.85
VII 729.8125081 0.425808 729.386700 59.22
Table 3 A comparison between the experimental chemical shifts of 13C NMR for [H3L
2]Br3 and corresponding calculated data (refer
to TMS) for micospecies I of [H3L
2]3+.
Atoms dC (Exp) dC (Calculated) dC (Calculated)
a
CSGT GIAO
HF B3lyp HF B3lyp
C1 66.86 58.46 67.61 59.65 68.91 54.82
C2 55.00 48.64 56.39 49.58 56.60 48.27
C3 56.84 47.95 55.63 48.84 56.35 42.23
C4 21.86 22.38 26.51 23.18 26.41 13.12
C5 53.18 52.79 60.43 53.89 61.30 46.42
C6 52.70 48.64 50.39 49.58 56.60 48.27
C7 37.64 44.81 49.16 45.43 49.07 54.82
a Computed data at B3LYP/6-311++G** level of theory using CSGT method for less stable microspecies (VII).
Table 4 Calculated electronic energies, zero point energies, total energies and protonation energies (DE0) for tren, tpt, L
2 and their
tetraprotonated forms.
Compound Possible diﬀerent microspecies Eel (Hartree) ZPE E0 DE0 (kcal/mol)
a
Tren – 458.4690758 0.259203 458.209872
[H4tren]
4+ – 459.292725 0.316885 458.975840 480.65
Tpt – 576.4183034 0.344907 576.073397
[H4tpt]
4+ – 577.3954422 0.403939 576.991503 576.12
L2 – 729.0440893 0.387417 728.656672
[H4L
2]4+ A 729.9871571 0.442616 729.544541 557.15
B 729.9496409 0.443434 729.506207 533.09
C 729.9521761 0.441674 729.510502 535.79
C-2 729.9541136 0.442757 729.511357 536.32
D 729.9522345 0.441960 729.510275 535.64
a DE0 is the energy of reaction 1 with considering the resulting cation (see text).
Synthesis, characterization and theoretical study of a new asymmetrical tripodal amine containing S1615For any protonated species such different structures usually
deﬁne as its microspecies. We were interested to study the
structure of all above possible microspecies and their relative
stability. We have also studied some conformers for a number
of above microspecies with considering intramolecular hydro-
gen bonding. The optimized structures for microspecies I–VII
with or without considering intramolecular hydrogen bonding
are shown in Fig. 5. It should be note that for microspecies VI,
both the optimized conformers have intramolecular hydrogen
bonding in their structure.
The total energies of all above microspecies and their rela-
tive stabilities are compared in Table 2. As it can be seen, in the
absence of intramolecular hydrogen bonding the microspecies
I is between 12.30 and 59.22 kcal/mol more stable than othermicrospecies. The intramolecular hydrogen bonding makes
some microspecies more stable, but still microspecies I has
the most stable structure among all microspecies. On the other
hand, due to interaction of solvent molecules with protonated
amines and possible formation of intermolecular hydrogen
bonding, we can probably ignore the formation of intramolec-
ular hydrogen bonding in the solution (Salehzadeh et al.,
2009a,b). We note that the microspecies I is characterized by
X-ray crystal structure analysis in the solid state (see Fig. 3).
Thus it is probable that this microspecies has been dominant
in the solution and upon crystallization is separated. Obvi-
ously, if microspecies I is the dominant microspecies in the
solution then we must see good agreement between the exper-
imental NMR data for [H3L
2]Br3 in solution and correspond-
Figure 6 The optimized structures for all studied microspecies of [H4L
2]4+.
S1616 M. Rezaeivala et al.ing calculated data for I. Table 3 shows a comparison between
the 13C NMR data of [H3L
2]Br3 and corresponding calculated
data for microspecies I and VII which are the most and the less
stable microspecies, respectively. As it can be seen, there is a
good agreement between the experimental and calculated data
for microspecies I. On the other hand, calculated data for less
stable microspecies are considerably far from the correspond-
ing experimental data. Thus all above calculations show that
microspecies I is probably a dominant microspecies for the tri-
protonated form of the ligand L2.
In addition to above studies we were interested to compare
the protonation ability of ligand L2 with a number of known
tripodal amines. It has shown that while tris(3-aminopro-
pyl)amine, tpt, catches four protons in solution, tris(2-amino-
ethyl)amine, tren, catches only three protons. Now let us to
compare the change of energy in following reaction:
LðgÞ þ 4HþðgÞ ! H4L4þðgÞ ð1Þ
As it can be seen in Table 4, the energy of above reaction for
tren and tpt is 480.65 and 576.12 kcal/mol, respectively.
Thus the energy of above reaction for tpt is considerably great-
er than that for tren, and this is probably the reason for this fact
that tpt catches four protons in solution (Keypour et al., 2003;
Salehzadeh and Bayat, 2006; Salehzadeh et al., 2007). On the
other hand, the energy of above reaction for L2 is greater than
that for tren but smaller than tpt. Note that for tetraprotonated
form of the L2 we can consider four different microspecies
depending on which sites are being protonated (see Fig. 6).
Thus for L2 the energy of above reaction varies from 533.09
to 557.15 kcal/mol depending on the type of resulting micro-species. The latter energy is considerably greater than that for
the formation of [H4tren]
4+ from the tren and is close to the en-
ergy of the formation of [H4tpt]
4+ from the tpt. Thus most
probably the amine L2, in contrast to tren and similar to tpt,
is able to catch four protons in very low pHs.4. Conclusion
A new tripodal amine, [H3L
2]Br3 containing morpholine moi-
ety was prepared. The amine was characterized by 1H and 13C
NMR, FAB-MS, elemental analysis and the X-ray crystal
structure analysis. It was shown that for triprotonated form
of this amine there are seven micospecies that differ in the loca-
tion of charge/proton. X-ray crystal structure analysis
conﬁrmed the presence of one of the above microspecies in
the solid state. Theoretical studies showed that the latter is
the most stable microspecies and its calculated NMR data
have good correlation with the experimental data.
Crystallographic data for the structure reported in this pa-
per have been deposited with the Cambridge Crystallographic
Data Centre, CCDC 672498. Copies of this information may
be obtained free of charge from the Director, CCDC, 12 Union
Road, Cambridge, CB2 1EZ, UK (Telephone: (44) 01223 762
910: (44) 01223 336033; or E-MAIL: deposit@ccdc.cam.ac.uk.References
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